As one of the most essential modeling aspects for precise orbit determination, solar radiation pressure (SRP) is the largest non-gravitational force acting on a navigation satellite. This study focuses on SRP modeling of the BeiDou-3 experimental satellite I2-S (PRN C32), for which an obvious modeling deficiency that is related to SRP was formerly identified. The satellite laser ranging (SLR) validation demonstrated that the orbit of BeiDou-3 I2-S determined with empirical 5-parameter Extended CODE (Center for Orbit Determination in Europe) Orbit Model (ECOM1) has the sun elongation angle (ε angle) dependent systematic error, as well as a bias of approximately −16.9 cm. Similar performance has been identified for European Galileo and Japanese QZSS Michibiki satellite as well, and can be reduced with the extended ECOM model (ECOM2), or by using the a priori SRP model to augment ECOM1. In this study, the performances of the widely used SRP models for GNSS (Global Navigation Satellite System) satellites, i.e., ECOM1, ECOM2, and adjustable box-wing model have been compared and analyzed for BeiDou-3 I2-S satellite. In addition, the a priori SRP models are derived based on analytical cuboid box model and empirically spectra analysis, respectively. Use of the a priori model combined with ECOM1 was finally demonstrated to reduce the ε-angle-dependent systematic error, and thus improved the radial orbit accuracy by nearly 35 per cent when compared to the solution with standalone ECOM1, as revealed by the one way SLR residuals.
Introduction
Five years after the official announcement of providing the positioning, navigation and timing (PNT) service around Asia-Pacific region, Chinese BeiDou Navigation Satellite System (BeiDou) has stepped into a new era recently. On 6 November 2017, two new-generation BeiDou satellites (BeiDou-3) have been successfully launched to medium earth orbit (MEO) to provide the global PNT service. Once the space segment is successfully deployed, BeiDou will possess global service capability comprising totally 35 satellites distributed in geostationary orbit (GEO), inclined geosynchronous orbit (IGSO) and MEO around 2020. In order to validate the new features of BeiDou-3 satellites, including new signals, inter-satellite link technology, and onboard frequency standards, two IGSO and three MEO experimental satellites have been launched.
Up to now, the published in-orbit-validation (IOV) results have demonstrated the significant improvements of BeiDou-3 satellites w.r.t the regional BeiDou satellites (BeiDou-2). The inter-satellite link technology does not only facilitate high accuracy precise orbit determination (POD), but also enables autonomous navigation as well as improves the independency and stability of BeiDou system [1] . The quality of BeiDou-3 signals is comparable to that of GPS L1/L2/L5 and Galileo
Attitude
The estimated yaw attitudes of the BeiDou-3 I2-S satellite demonstrated that the continuous yaw attitude has been adopted instead of orbital normal mode used by BeiDou-2 IGSO and MEO satellites when BeiDou-3 I2-S is in eclipse season [3] , and that the satellite experienced midnight-or noon-turn maneuvers when the sun elevation angle above the orbital plane (β angle) was in the range of [ [12] , but not been used in this study. For other period, the nominal yaw attitude is used to describe the orientation of BeiDou-3 I2-S; in this case, the satellite body-fixed frame (e SAT,X , e SAT,Y , e SAT,Z ) is defined by the three vectors, respectively: e SAT,X = e SAT,Y × e SAT,Z e SAT,Y = e × r e × r e SAT,Z = − r r ,
where r is the geocentric vector of the satellite and e is the unit vector pointing from the satellite to the Sun.
Satellite Structure
As described in [3] , BeiDou-3 experimental satellites are based on two different satellite platforms developed by China Academy of Space Technology (CAST) and the China Academy of Science (CAS). The CAS platform weighs approximately 848 kg, and has an elongated shape. On the other hand, the CAST IGSO platform has a cuboid shape and weighs 2800 kg. BeiDou-3 I2-S is believed to be developed based on CAST's Dongfanghong-3A bus, which was also adopted by BeiDou-2 satellites. However, the structure of the satellite bus has changed to approximately 2 × 2.5 × 3.6 m. As there are no available optical properties for BeiDou-3 I2-S, the coarse values from BeiDou-2 IGSO and MEO satellites have been used. Table 1 listed these initial values for satellite bus and SPs. As can been seen, the body of BeiDou-3 I2-S is also an elongated shape along Z axis, similar to Galileo and QZSS Michibiki. 
ECOM Model
As an empirical SRP model, the ECOM model was originally proposed in the 1990s [4] , and further develops the reduced and extended version [5, 10] . The ECOM model decomposes the SRP acceleration into three orthogonal directions: the satellite-to-Sun direction (e D ), the nominal SP axis in YS mode (e Y ), and the orthogonal axis (e B ) e D = e e Y = e ×r e ×r
Within ECOM model, the empirical SRP accelerations in the three directions at 1 astronomical unit (AU) are expressed as Equation (3) in a right-handed DYB frame for YS attitude in term of three constant accelerations (D 0 , Y 0 , and B 0 ) and six one-cycle-per-revolution (1-cpr) accelerations (Dc, Ds, Yc, Ys, Bc, and Bs), where µ is the orbit angle; i.e., the argument of satellite with respect to the midnight point, i.e., the position where the satellite is far away from the Sun. Although this model can incorporate with an a priori model, good performance can also be obtained without such a priori model. Hence, the empirical reduced 5-parameter ECOM (called ECOM1 hereafter) is widely used to generate GNSS orbits. In this case, only three constant accelerations and two 1-cpr accelerations in B direction are estimated.
In recent years, however, it became obvious that the ECOM1 could introduce large draconitic error in GNSS geodetic products [13, 14] . In order to reduce the error in the time series of IGS (International GNSS Service) products, ECOM2 model has been proposed by additional introduction of high-order harmonics in Equation (3) [10] , and expressed as
where the upper limit values, n D , n Y , and n B are defined by users, and D 2i,c , D 2i,s , B 2i−1,c , and B 2i−1,s are the SRP coefficients to be estimated, and ∆u is the difference of the satellite's argument of the latitude and the Sun's argument of the latitude. As recommendation by [10] , the 2-cpr and 4-cpr terms in D and the 1-cpr terms in B direction is better to account for.
Box-Wing Model
Based on the analytical physical theory, the SRP acceleration generated by a surface of area A depends on the relative alignment of the Sun direction and the surface normal e N as well as the fraction of absorbed photons (α), of diffusely reflected photons (δ), and of specularly reflected photons (ρ) [15, 16] . For cos θ = e T · e N > 0, that is, for an illuminated surface, the acceleration a at a distance of 1 AU can be accounted as
where S 0 = 1367 W/m 2 is the solar flux at 1AU, c is the vacuum velocity of light, and M is the total mass of the satellite. This equation can be used for SRP calculation on SPs. For a satellite bus panel, which is covered by multilayer insulation for thermal protection, the thermal re-radiation must be accounted for. Hence, the modified formulation for the acceleration [17] on the satellite bus surfaces is
By simply treating the satellite as a combination of box as two wings, the SRP acceleration acting on the satellite can be easily calculated by summing the SRP accelerations of each illustrated satellite bus panels and SPs.
As the changes in the a priori geometrical or optical properties of the satellite, or attitude deviations from the nominal, result in deficiencies of the above analytical model in modeling actual SRP perturbation, the adjustable box-wing model (ABW) has been proposed [17] . By fitting the optical coefficients and other parameters with real-tracking measurements, this model provides precise orbit solution with a clear physical understanding of SRP. For the satellites with nominal YS attitude, up to nine parameters are adjusted, including the absorption plus diffusion (α + δ) as well as reflection (ρ) for the illustrated surfaces (+X, +Z, and −Z), scale parameter of SPs (1 + ρ + 2 3 δ), SP rotation lag (denoted as SB hereafter), and Y bias. From Equation (6) , the partial derivatives of the acceleration w.r.t the optical properties of the satellite surfaces can be obtained as
For the nominal YS attitude, the SPs are perpendicular to the Sun direction with cos θ = 1 and e N = e , the partial derivatives of the acceleration w.r.t scale parameter of SPs and SB are expressed as:
The correlation between parameters of ABW model is strong, so reasonable results are achieved only with a priori constraints being put on most of those parameters. To avoid the disadvantages of the ABW model, the box-wing model was reformulated [6] . The deduced model employs a specific parameterization that isolates distinct contributions of the satellite bus, in which the SRP accelerations depends only on the ε angle. Without considering the SRP acting on SPs, the model can be expressed in D and B directions in the DYB frame as
where a αδ C , a αδ S and a αδ A indicate the effect of a cubic (C), stretched (S), and asymmetric (A) contributions of satellite body shape related to absorption plus diffuse reflection (superscript αδ), while model parameters a ρ C , a ρ S and a ρ A are related to the specular reflection (ρ) part for the corresponding body shape contributions, and the above parameters can be obtained by,
where a αδ i and a ρ i (i = +Z, −Z, +X) are related to absorption plus diffuse reflection and reflection of the individual satellite body surface. These parameters are calculated from the a priori geometrical information list in Table 1 . The Sun elongation angle ε in Equation (10) can be expressed as cos ε = cos β cos µ.
(12)
Performance of SRP Models for BeiDou-3 I2-S Satellite
The POD strategy used has already been presented in [3] . The differences to be addressed here included the data period and tracking stations used. In general, the data collected by 25 stations from 11 November 2016 to 15 September 2017 have been processed. The increase in the number of available tracking stations is mainly contributed to the upgrades of the receivers from International GNSS Monitoring and Assessment system (iGMAS) network. Three solutions, named ECOM1, ECOM2, and ABW were determined according to the SRP models used. The SLR and orbit boundary discontinuities (OBD) have been used for evaluating the orbit quality. SLR residuals exceeding an absolute value of 60 cm were excluded. As 72 h POD arc used, the OBD are obtained as the three-dimensional (3D) orbit difference at midnight epoch between two 3-day arc shifted by 72 h. In addition, the OBDs were treated as outliers and removed once the 3D values of the orbit differences were larger than 200 cm. Figure 1 shows the one-way SLR residuals in the function of the ε angle for the three solutions. In expectation, similar as that shown in [3] , the SLR residuals of ECOM1 solution show pronounced ε-angle-dependent variation with bias up to −16.9 cm. Once the ECOM2 has been used, the bias has been reduced to −8.9 cm with slightly degraded standard derivations from 16.9 to 19.0 cm. However, most importantly, the ε-angle-dependent error has been reduced. It is worth noticing that the ε angle is actually a function of both β and µ, as expressed in Equation (12) . We therefore decomposed the SLR residuals into the two arguments respectively as shown in Figure 2 , and found that a marked v-shaped SLR variation with symmetry to the zero degree of µ angle can be identified for the ECOM1 solution, while it did not exist in ECOM2 solution, while the dependence with to β angle is not clear as the µ angle. This might be attributed to smaller value of ratio of area-to-mass and less extended body shape used by BeiDou-3 I2-S satellite. For ABW solution, which shows the best SLR validation, the bias of SLR residuals was further reduced to −2.2 cm, and possibly generated by the unmodeled earth radiation pressure and antenna thrust. In addition, there are almost no significant ε-angle-dependent variations in SLR residuals. This further demonstrates that ABW has the ability to capture the SRP perturbation quite well. ε-angle-dependent variation with bias up to −16.9 cm. Once the ECOM2 has been used, the bias has been reduced to −8.9 cm with slightly degraded standard derivations from 16.9 to 19.0 cm. However, most importantly, the ε-angle-dependent error has been reduced. It is worth noticing that the ε angle is actually a function of both β and μ, as expressed in Equation (12) . We therefore decomposed the SLR residuals into the two arguments respectively as shown in Figure 2 , and found that a marked vshaped SLR variation with symmetry to the zero degree of μ angle can be identified for the ECOM1 solution, while it did not exist in ECOM2 solution, while the dependence with to β angle is not clear as the μ angle. This might be attributed to smaller value of ratio of area-to-mass and less extended body shape used by BeiDou-3 I2-S satellite. For ABW solution, which shows the best SLR validation, the bias of SLR residuals was further reduced to −2.2 cm, and possibly generated by the unmodeled earth radiation pressure and antenna thrust. In addition, there are almost no significant ε-angledependent variations in SLR residuals. This further demonstrates that ABW has the ability to capture the SRP perturbation quite well. Figure 3 shows the daily OBD values in along-track, cross-track, and radial direction for these three solutions, and Table 2 lists the mean values. It is worth noticing that some days were excluded as orbit maneuvers were detected, e.g., 25 August and 20 September 2017. In general, the three solutions show almost same performance, although ABW has slightly better performance in alongtrack and radial direction. The large OBDs in cross-track direction might be related to some onboard ε-angle-dependent variation with bias up to −16.9 cm. Once the ECOM2 has been used, the bias has been reduced to −8.9 cm with slightly degraded standard derivations from 16.9 to 19.0 cm. However, most importantly, the ε-angle-dependent error has been reduced. It is worth noticing that the ε angle is actually a function of both β and μ, as expressed in Equation (12) . We therefore decomposed the SLR residuals into the two arguments respectively as shown in Figure 2 , and found that a marked vshaped SLR variation with symmetry to the zero degree of μ angle can be identified for the ECOM1 solution, while it did not exist in ECOM2 solution, while the dependence with to β angle is not clear as the μ angle. This might be attributed to smaller value of ratio of area-to-mass and less extended body shape used by BeiDou-3 I2-S satellite. For ABW solution, which shows the best SLR validation, the bias of SLR residuals was further reduced to −2.2 cm, and possibly generated by the unmodeled earth radiation pressure and antenna thrust. In addition, there are almost no significant ε-angledependent variations in SLR residuals. This further demonstrates that ABW has the ability to capture the SRP perturbation quite well. Figure 3 shows the daily OBD values in along-track, cross-track, and radial direction for these three solutions, and Table 2 lists the mean values. It is worth noticing that some days were excluded as orbit maneuvers were detected, e.g., 25 August and 20 September 2017. In general, the three solutions show almost same performance, although ABW has slightly better performance in alongtrack and radial direction. The large OBDs in cross-track direction might be related to some onboard Figure 3 shows the daily OBD values in along-track, cross-track, and radial direction for these three solutions, and Table 2 lists the mean values. It is worth noticing that some days were excluded as orbit maneuvers were detected, e.g., 25 August and 20 September 2017. In general, the three solutions show almost same performance, although ABW has slightly better performance in along-track and radial direction. The large OBDs in cross-track direction might be related to some onboard tests in March 2017. The radial OBDs show β angle dependent variations, and became larger with an increase of β angle. In addition, the slightly worse OBDs have been identified in eclipse periods, in particular for ECOM2 solution in radial direction and ABW solution in along-track direction. For ABW solution, it is possibly caused by deviations between the nominal yaw attitude and the real one, as we did not model the yaw maneuvers. The above results demonstrated that better orbit consistency and accuracy could be achieved by use of ABW model. In addition, the ε-angle-dependent error can also be reduced by using ABW model, hence, it is possible to establish a better SRP model for the BeiDou-3 I2-S satellite based on ABW model, as we did for QZSS Michibiki mission [11] 
The a Priori SRP Models for BeiDou-3 I2-S Satellite
With the above considerations, two a priori models will be developed in this section to augment the ECOM1.
Analytical Cuboid Box Model
The cuboid box model, as expressed in Equation (10), was employed in a specific parameterization, which separates the contribution of an ideal cube from that of a cuboid and the ±z asymmetry. By analyzing the correlation between the parameters and their contributions to the SRP perturbation, only two independent parameters have been selected to simplify the model as 
As the first one cannot be separated from the contribution of SPs. Hence, the value is calculated from the optical and geometrical parameter listed in Table 1 . The second one was adjusted from a least-squares adjustment based on the Equation (13). Table 3 lists the estimated values for these two The above results demonstrated that better orbit consistency and accuracy could be achieved by use of ABW model. In addition, the ε-angle-dependent error can also be reduced by using ABW model, hence, it is possible to establish a better SRP model for the BeiDou-3 I2-S satellite based on ABW model, as we did for QZSS Michibiki mission [11] .
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As the first one cannot be separated from the contribution of SPs. Hence, the value is calculated from the optical and geometrical parameter listed in Table 1 . The second one was adjusted from a least-squares adjustment based on the Equation (13) . Table 3 lists the estimated values for these two parameters. 
Empirical SRP Model
In addition, the purely empirical parameter fitting approach was used to develop an a priori SRP model for BeiDou-3 I2-S satellite based on the reconstructed SRP acceleration from ABW solution.
The SRP accelerations for BeiDou-3 I2-S satellite were reconstructed by orbit integration with the determined orbital elements and SRP parameters from the ABW solution, and were decomposed in DYB frame. 
The SRP accelerations for BeiDou-3 I2-S satellite were reconstructed by orbit integration with the determined orbital elements and SRP parameters from the ABW solution, and were decomposed in DYB frame. Figure 4 illustrates the amplitude spectra of the reconstructed SRP acceleration for β angle about 10°, 30°, and 45° in DYB frame. The strength of spectra line for 0-cpr signal in D reaches to about −100 nm/s 2 , where it is about 1 nm/s 2 in B direction. For other periodic signals, the sizeable spectral lines exist for even orders in D. However, for B axis the sizeable spectral lines exist for odd orders in B. Similar results were obtained for GPS and GLONASS [10] . A significant 1-cpr signal in B with amplitudes of about 2 nm/s 2 can be identified. The accelerations along Y are not presented here as the order of that is as small as 0.1 nm/s 2 . Based on the above spectrum analysis, the periodic signals with amplitudes of over 0.6 nm/s 2 are selected to present the SRP perturbation acting on BeiDou-3 I2-S satellite. These are 2-cpr as well as 4-cpr signal in D, and 1-cpr, as well as 3-cpr signal in B. Hence, the a priori model can be expressed as, ( ) Based on the above spectrum analysis, the periodic signals with amplitudes of over 0.6 nm/s 2 are selected to present the SRP perturbation acting on BeiDou-3 I2-S satellite. These are 2-cpr as well as 4-cpr signal in D, and 1-cpr, as well as 3-cpr signal in B. Hence, the a priori model can be expressed as,
where D 0,ap , D 2c , D 4c , B 0,ap , B 1c , and B 3c are the model coefficients. Here, and after, we called this empirical reconstructed a priori SRP model as FFT model. Afterwards, the coefficients in Equation (14) were estimated by fitting with the daily reconstructed accelerations in each axes. Clear β-angle-dependent variation for D 0,ap and D 2c could be observed, as shown in Figure 5 . The estimations of D 0,ap and D 2c show parabola variations against β angle with 0 • vertices. These indicate that the model needs to be improved further with accounting for such variations. To model them, we fitted these parameters with the 2-order polynomial against the β angle for D 0,ap and D 2c . The derived coefficients for the model are listed in Table 4 . 
Validation
The same data set were used to validate the performance of the above proposed two a priori models. Two solutions were determined by using cuboid model or empirical FFT model. The SLR and OBD are also used to validate the solutions' quality. Figure 6 illustrates the SLR residuals of these two solutions against the ε angle. In general, once the proposed models used as the priori models of ECOM1, the remarkable improvements can be obtained. For all of the two solutions with the a priori model, the ε-angle-dependent error was almost vanished, while the −17.0 cm bias was reduced to −6.1 cm and −4.0 cm, respectively. Between the two solutions, almost same performance was obtained, though the SLR residuals of empirical FFT model became slightly scatter and has a little larger standard derivation. Time series of daily OBDs for the two solutions are illustrated in Figure 7 , and Table 5 lists the mean values in Along-track, Cross-track, and radial directions. For both solutions, almost identical OBDs are achieved, and show similar performance as that of ECOM1 solution. The radial OBDs show β angle dependent variations, and the worse OBDs have been identified in eclipse periods. For Galileo satellites with a priori model for ECOM1 [6] , the OBDs also have similar performance as that of solution determined with ECOM1 only. 
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Conclusions
Similar to Galileo satellites, deficiency in ECOM1 orbit solution for BeiDou-3 I2-S satellites was identified, in which a marked ε-angle-dependent radial error exists. The standalone ECOM1 fail to properly describe the acceleration acting on an extended body shape with a large area-to-mass ratio. Through the comparisons of the widely used SRP models i.e., ECOM1, ECOM2, and ABW, we found that all of them showed similar orbit accuracy of approximately 50 cm revealed by OBDs, but SLR validation results of ECOM1 confirmed larger ε-angle-dependent error, as well as a bias of nearly −17 cm. Although the ε-angle-dependent errors in SLR residuals can be reduced by ECOM2, there was still a large bias. Fortunately, the ABW model can be used to overcome the issues.
We established an analytical a priori cuboid model from coarse information of BeiDou-3 I2-S satellite. In addition, the empirical FFT model was obtained with accuracy of around 1 nm/s 2 . By augmenting the ECOM1 with the a priori models, radial orbit accuracy was improved by approximately 35% w.r.t the ECOM1 solution. More importantly, the ε-angle-dependent error of SLR residuals was almost eliminated.
Though the success of the applications of those priori models, further efforts should be performed for the orbit dynamics in eclipse seasons. Yaw attitude is another point to be carefully considered to model SRP. In addition, relevant modeling of SRP by ray-tracking method [18] is in need for the detailed structure and the additional effects of shadowing and secondary intersections. 
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